The energetic barriers that atoms and molecules often experience when binding to surfaces are incredibly important to a myriad of chemical and physical processes. However these barriers are difficult to describe accurately with current computer simulation approaches. Two prominent contemporary challenges faced by simulation are the role of van der Waals forces and nuclear quantum effects. Here we examine the widely studied model systems of hydrogen 1 on graphene and coronene using a van der Waals inclusive density functional theory approach together with path integral molecular dynamics at 50 K. We find that both van der Waals and quantum nuclear effects work together in a cooperative manner to dramatically reduce the barriers for hydrogen atoms to adsorb. This suggests that the low temperature hydrogenation of graphene is easier than previously thought and in more general terms that the combined roles of van der Waals and quantum tunnelling can lead to qualitative changes in adsorption.
neglected (see e.g. 7, 8 ).
The classic low temperature adsorption process where QNEs can be expected to play a role is H adsorption on the surfaces of carbonaceous materials. Hydrogen adsorption on carbon based materials such as graphite and graphene is relevant to hydrogen storage, 9 band gap engineering, [10] [11] [12] [13] and potentially as the first step in H 2 formation in the interstellar medium. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] Although there is enormous interest in H adsorption on carbonaceous surfaces, with graphene, graphite and polycyclic aromatic hydrocarbons (PAHs) being the most widely studied model systems, we still don't fully understand the seemingly simple process of how a single H atom adsorbs on the surface.
First, there are question marks over the energy barrier a H atom encounters upon adsorbing on the surface. The most well-defined experiment performed to date placed the barrier for H atom adsorption on graphite somewhere within the rather broad range of 25 to 250 meV. 31 Previous theoretical work on extended carbonaceous surfaces (graphite, and more commonly a single graphene layer) have been at the upper end of the experimental range (ca. 200 meV 16, 19, [32] [33] [34] [35] ). However, since they did not account for vdW forces and failed to capture the physisorbed H atom precursor state 20, 36 these previous theoretical determinations of the barrier must be treated with caution.
Second, surprisingly little attention has been placed on the role quantum tunneling plays in the adsorption process. Two notable exceptions are the recent graphene hydrogenation experiments of Paris et al. 37 and the quantum rate calculations of Goumans et al. 28, 29 In the former a strong kinetic isotope effect for the adsorption of translationally hot hydrogen atoms on quasi-free standing graphene was identified; the rate of uptake of deuterium being greater than that of hydrogen due to zero-point energy (ZPE) weakening the H−C bonds more than the D−C bonds. In the latter, quantum tunneling calculations were performed for the chemisorption of H at the edge sites of benzene and pyrene and an enhancement of the chemisorption rate at temperatures below ∼ 200 K was predicted.
It is clear that vdW and quantum nuclear effects are likely to be of importance to H atom chemisorption on carbonaceous surfaces and so here we address this head on with a combination of state of the art computer simulation approaches. For the treatment of vdW interactions, many schemes have recently been developed which could in principle be applied to this system (see for example ref 5 ). Most results in the present manuscript have been obtained with the so-called "DFT-D3" functional (specifically PBE-D3), 38 however, the key results of our study are not particularly sensitive to the specific vdW scheme used and as we show in the supporting material the same conclusions are reached with the other vdW inclusive approaches. To account for quantum nuclear effects we use path integral based approaches, mainly ab initio path-integral molecular dynamics (PIMD) at a temperature of 50 K. Ab initio path-integral molecular dynamics (PIMD)
is an approach which can accurately include thermal and quantum nuclear effects in complex systems involving bond-making and breaking by representing the quantum system by many classical replicas (called beads), which are connected by harmonic springs to form a ring-polymer. It is established as one of the most powerful schemes for considering zero-point energy (ZPE), quantum tunneling and delocalization of nuclei [39] [40] [41] and has been applied to a broad range of systems though not yet H at graphene.
Here we find that upon including dispersion the physisorption state for H on graphene is captured, which has been absent from previous studies, and the potential energy barrier to get to the chemisorbed state becomes narrower and lower. While accounting for quantum tunneling also increases the rate, this effect is strongly dependent on the shape of the underlying potential energy surface, especially on the width of the barrier. Consequently we find that dispersion effects vastly increase the rate constant of H atom tunneling to the chemisorption state. We show that this cooperative interplay applies to both H on graphene and at coronene, which is important for the specific systems considered as it provides a facile route to the chemisorbed H intermediate state in the formation of H 2 in the interstellar medium. 42 The results also suggest that the hydrogenation of graphene at low temperatures might be more facile than previously assumed and should depend strongly on the temperature and mass of the hydrogen atoms impinging on the surface. More generally, this study highlights the combined effect of dispersion and quantum nuclear effects on chemical reaction barriers, an effect that is likely to be relevant to a broad range of processes not just at surfaces but also e.g. in hydrogenation reactions in general and the formation of gas phase and bimolecular complexes.
Results and Discussion

Hydrogen at graphene
The focus of this study is low densities of H at carbonaceous surfaces, so we consider the adsorption of a single H atom in both the chemisorbed and physisorbed states. We discuss adsorption at the top site (directly above one carbon atom), since this is where chemisorption occurs, and the physisorption energies at the hollow, bridge and top sites are the same to within a few meV. The total energy profile using the standard Perdew-Burke-Ernzerhof (PBE) functional 43 is shown in Fig. 1 . As expected, and in agreement with many previous DFT GGA studies, the barrier between the gas phase and the chemisorbed state is about 200 meV. 16, 19, [32] [33] [34] [35] The chemisorption well is 800 meV with a H−C bond length of 1.13 Å and puckering of the top site carbon atom away from the surface by ∼ 0.4 Å. With PBE there is no physisorption state, which is again consistent with previous work and understandable given the lack of a long-range correlation term in GGA exchange-correlation functionals.
Moving to DFT-D3 we find that there is indeed a physisorption state at a height of about 3.0 Å above the surface. The presence of a physisorbed state is consistent with calculations for H on PAHs 14, 18, 20, 28, 29, 44 and experiments for H on graphite. 36 The depth of the physisorption well is approximately 47 meV and in very good agreement with the experimentally derived value for H on graphite of 40 meV. 36 The computed barrier to go from the physisorbed to the chemisorbed state (in this case relative to the bottom of the physisorption well) is reduced to about 175 meV and the depth of the chemisorption well increases to about 830 meV. In addition the barrier obtained with the vdW-inclusive DFT-D3 approach is narrower than that obtained with PBE. An overall lower and narrower barrier will increase the probability of a H atom chemisorbing on graphene by either thermal or quantum mechanical tunneling mechanisms. We will explore tunneling in detail below with path-integral methods but we can already assess how dispersion assists the tunneling process using the Wentzel-Kramers-Brillouin (WKB) approximation. In WKB the transmission coefficient, T , of a H atom of mass m H though a barrier V (z) between points a and b is given by,
We find that using the PBE barrier yields T ∼ 10 −8 whereas using the DFT-D3 barrier yields T ∼ 10 −5 . Thus tunneling through the dispersion corrected barrier is expected to be much more facile than through the GGA barrier in which dispersion is neglected.
Energy (eV) Figure 1 : Energy profiles calculated with different approaches for the adsorption of a single H atom on graphene. The highest barrier (blue data) is the PBE potential energy barrier to chemisorption. Upon including vdW dispersion forces with DFT-D3 (green data) the potential energy barrier gets lower and narrower. The equivalent DFT-D3 free energy barrier (∆A, green data points) computed using ab initio MD at 50 K does not differ significantly from the underlying potential energy barrier. However, accounting for quantum nuclear effects with ab initio PIMD (black data) significantly lowers the free energy barrier. The H atom height above the surface is measured from the surface plane of the graphene sheet prior to chemisorption.
Previous theoretical studies of the chemisorption barrier of H at graphene have generally been static calculations of total energy at absolute zero, where the H atom is treated classically. Now we go beyond this by computing finite temperature free energy barriers for the H chemisorption process. Given the relevance of hydrogen adsorption to processes in the interstellar medium where temperatures are in the 10 to 100 K regime we have concentrated on a low temperature of 50 K.
First, we computed the classical free energy profile for the chemisorption process; that is the free energy for the chemisorption of a classical hydrogen atom. Again this was done with the DFT-D3 functional and as can be seen in Fig. 1 the free energy obtained is very similar to the underlying DFT-D3 potential energy profile: The physisorbed H state is virtually unchanged and the barrier to go from physisorption to chemisorption is smaller by about 23 meV (reduced from about 175 to about 152 meV). Next we computed the full quantum free energy profile for the chemisorption process with PIMD and a very pronounced difference emerged. In particular the quantum free energy barrier obtained from PIMD is only about 103 meV. This barrier -which includes vdW, ZPE effects, quantum tunneling and finite temperature effects -is approximately half the height of barriers typically predicted for H atom chemisorption at graphene using traditional DFT-GGA methods. 16, 19, [32] [33] [34] [35] Although the barrier is substantially reduced the physisorption well remains relatively unperturbed, being a similar depth and shifted towards the gas phase by just ∼ 0.1 Å.
It is interesting to consider the separate roles of ZPE and quantum tunneling on the free energy barrier. Previous studies on other systems have found that the ZPE can be the dominant quantum nuclear effect. [45] [46] [47] [48] [49] Here we estimate the ZPE effects on the barrier by taking the difference between the sum of the real-valued vibrational frequencies at the transition state and in the physisorbed state. The ZPE in each state is computed using vibrational modes from the finite displacement method on the fully relaxed classical structure. This analysis reveals that ZPE effects actually increase the barrier by about 35 meV. Although this finding might appear surprising, it is to be expected since the lateral motion of the H atom becomes more constrained as it approaches the surface, and is consistent with previous calculations for H adsorption on pyrene. 29 This result is also consistent with the recent measurements from Paris et al. 37 As ZPE cannot account for the reduced free energy barrier obtained from PIMD, it is constructive to consider how the H atom tunnels in more detail. To this end we start by examining the delocalization of the path-integral ring polymer at different heights above the surface. This is done by computing the radius of gyration (R gyr ) of the ring-polymer at each point on the quantum free energy profile using the equation,
where N is the number of PIMD beads and σ Fig. 2 for the H atom at a few selected heights. These simply show qualitatively the picture that has emerged from the analysis of the radius of gyration. Clearly the H atom is much "more quantum" in the physisorbed and transition state than in the chemisorbed state, due to the shape of the underlying potential. This is a very clear demonstration of how differences in quantum effects can occur for such relatively small geometric changes. In this case by simply moving the H atom ∼ 1 Å closer to the surface from the physisorbed to the chemisorbed states the spread of the path-integral beads is reduced and the wavefunction of the H atom is localized.
We now briefly consider how the reduction in chemisorption barrier affects the rate constant (per physisorbed H atom) of H chemisorption on the surface. Of course, there are many methods to compute transition rates (for example refs. 50, 51 ), however here we are primarily interested in a qualitative understanding of the effects of dispersion and tunneling and so rely on a basic transition state theory approach 1 . From this we find that the chemisorption rate constant across the 50 K free energy barrier is ∼ 10 −4 s −1 , which increases to 100 s −1 when quantum nuclear effects are introduced via PIMD (Table 1) . Thus, as we inferred from the WKB estimates, quantum tunneling significantly increases the rate constant of adsorption in this system. This large increase in the rate constant for H chemisorption at graphene is comparable with the increase in rate constant observed in related studies on the edge sites of PAHs. 28, 29 We note that the precise value for the rate constant of chemisorption depends also on the exchange-correlation functional used. However, as we show in the supporting information several vdW inclusive DFT approaches have been tested 1 For the potential energy barriers ∆E we use the expression R phys-chem = A exp(−∆E/k B T ) where the prefactor A (∼ 10 13 s −1 ) is computed by taking a ratio of the product of frequencies at the initial (physisorbed) state with the product of frequencies at the transition state, within the harmonic approximation. No rate is reported for PBE since there is no physisorption state for the H atom and so no initial state frequency along the reaction coordinate. For the free energy barriers we compute the rate from R phys-chem = κ a exp(−∆F/k B T ), where the attempt frequency κ a (∼ 10 12 s −1 ) is the vibrational mode of the physisorbed H acting along the reaction coordinate. and they all show very significant increases in the rate constant; irrespective of the approach used, the combined inclusion of dispersion and quantum nuclear effects increases the likelihood of H atoms chemisorbing on graphene by many orders of magnitude. Table 1 : Summary of some of the key properties for the physisorption and chemisorption of H at graphene. E phys is the energy of the physisorption well relative to a gas phase (desorbed) H atom. The barrier is reported relative to the physisorbed state or in the case of PBE, where there is no physisorbed state, to the gas phase (desorbed) H atom. Values in square brackets are corrected for ZPE. The equilibrium transition probability κ is computed from the Boltzmann factor (i.e. exp(−∆E/k B T )) at 50 K. R phys-chem is the rate constant (per physisorbed H-atom) to go from the physisorbed to the chemisorbed state, computed from transition state theory at 50 K. The final column in which vdW and quantum effects are all taken in to consideration is the most accurate data reported in this article. 
Hydrogen at polycyclic aromatic hydrocarbons (PAHs)
The results of the last section point to a potentially general effect wherein vdW forces and quantum nuclear effects work together to significantly enhance the rate constant of H atom chemisorption.
Here we demonstrate that the same physical effect is important to another closely related model system, namely the adsorption of H on a PAH. As with graphene, PAHs are popular model systems for studying H adsorption on carbonaceous surfaces. 14, 15, 18, 20, 28, 29, 44, [52] [53] [54] It is already known that quantum tunneling facilitates chemisorption at the outer edge sites of small PAHs, 29 however an understanding of chemisorption at the core sites is vital in generalizing this to larger PAHs and carbonaceous materials. Here we compute the barrier for a H atom to chemisorb at one of the core C atoms of coronene again using the PBE and DFT-D3 functionals. Overall the results obtained are qualitatively similar to those on graphene. With PBE there is a chemisorption barrier of about 230 meV and no physisorption well. When vdW forces are accounted for at the PBE-D3 level a the chemisorption barrier is reduced to 200 meV (relative to the physisorption state). Again, as well as being smaller we also find that the DFT-D3 chemisorption barrier is narrower than the PBE barrier.
To include quantum nuclear effects on this system we use the harmonic quantum transition state theory (HQTST) method (also known as instanton) on an analytical one-dimensional potential fitted to the underlying potential from DFT-D3. This is an alternative and more economical Feynman path-integral based method which computes quantum tunneling by the spread of beads over the barrier. The beads spread into the wells either side of the potential barrier to lower their energy, which is in competition with the mass and temperature dependent springs that connect the beads in a ring-polymer. Using instanton theory for H adsorption on graphene yields a quantum energy barrier of ∼ 50 meV ( Fig. 3(a) ). This is smaller than the quantum free energy barrier obtained from PIMD for H on graphene. However, once again we see that tunnelling leads to a major reduction in the effective barrier to chemisorption and instanton theory is able to qualitatively capture this effect. The results from the instanton calculation of H at coronene ( Fig. 3(b) ) reveal a picture similar to the one that emerged on graphene: the quantum free energy barrier is about 50 meV relative to the physisorption well, substantially lower than the 200 meV potential energy barrier (including dispersion). Thus on a PAH, as well as on graphene, quantum effects and dispersion dramatically increase the probability of covalent C−H bond formation at low temperatures. Figure 3 : Plots of the heights and energies of the path-integral beads from instanton (HQTST) calculations at 50 K for H at graphene (a) and coronene (b). The solid green lines show the fit to the underlying DFT-D3 potential energy curves. The instanton path-integral beads are shown as red dots. The average of these beads (the centroid, shown as a black cross) gives the HQTST free energy barrier. The structure of the H/coronene adsorption system is shown in (b) where the red carbon atoms represent core atoms, which is where we consider the H chemisorption in this work.
Conclusions
With a view to understanding the combined role of vdW forces and quantum nuclear effects during the formation of a chemical bond at a solid surface, we have applied various state of the art simulation methods to better understand H chemisorption. This has lead to the striking result that quantum nuclear effects and dispersion work together to dramatically increase the likelihood of H atoms chemisorbing on graphene and also at the core sites of PAHs. This shows that the role of quantum nuclear effects in the hydrogenation of carbonaceous surfaces is much greater than previously thought. A proper account of quantum nuclear effects yields a significantly lower free energy barrier to H chemisorption and our analysis reveals that this is due to quantum tunneling since ZPE effects actually slightly increase the chemisorption barrier. The use of PIMD in particular has enabled us to examine in detail the quantum nature of the H atom as it approaches the surface, revealing that the quantum behavior of a H atom changes dramatically at different heights above the surface. This is most clearly seen in Fig. 2 where we see that upon approaching the surface the H goes from being quantum mechanically spread out in the physisorbed state to being highly localized in the chemisorbed state, via the classical saddle point where the H atom spreads out by about 1 Å normal to the surface. Clearly the location of a particle at a surface has a direct effect on the amount of quantum mechanical spread, hence the importance of a quantum mechanical description of the system.
In this study we have gone beyond the standard GGA (PBE) description of H atom adsorption by making use of the DFT-D3 exchange-correlation functional. 38 Results from other vdW inclusive approaches are included in the supporting information, which also predict a reduction in the adsorption barrier, as did a recent study for H adsorption on coronene with the DFT-D3 approach. 14 The particular functional used here is a good choice for this system because it yields a physisorption well depth of 47 meV on graphene; close to the experimentally derived value of of 40 meV for H on graphite. 36 It also yields a physisorption energy of 43 meV on coronene, which falls on top of the reference second order Møller-Plesset perturbation theory (MP2) and diffusion quantum Monte Carlo (DMC) values of ca. 40 meV. 18, 20 However, we caution that this level of agreement is to some extent fortuitous since: (i) DFT-D3 is an approximate method 5 and our calculations with other vdW-inclusive functionals reveal that the depth of the physisorption well is sensitive to the particular approach employed (see the supporting information); and (ii) the experimentally determined value for the physisorption energy is likely to have a large error bar since in the measurements only modest vacuum levels were employed and modern standards of ultra-high vacuum cleanliness will not have been obtained. 36 Thus although we have made progress and addressed some of the key shortcomings of previous electronic structure work performed on this system this is certainly not the end of the line as far as theory is concerned and it remains to be seen how close DFT-D3 comes to the "exact" potential energy barrier for H adsorption on graphene. Although it is possible to get reference binding energies for gas phase complexes (such as has been done recently for H on some small PAHs 20,55 ), obtaining "beyond" DFT values for adsorption and reaction at extended surfaces remains a major challenge. 5 Whilst it is beyond the scope of the current study, in the future it would be interesting to examine additional issues that might be relevant to the chemisorption barrier such as e.g. the potential role of exact exchange and beyond pairwise dispersion effects. Addressing these issues could involve the application DMC and/or the random phase approximation; two approaches that can be applied to adsorption on solids (with periodic boundary conditions). In addition it is worth noting that here we have considered the barrier to go from the physisorbed state to chemisorption, which implies that the H atom has time to equilibrate with the surface. A direct chemisorption process is also possible, whereby an incident gas phase H atom goes directly to the chemisorbed state. Examining such a process and any electronic excitations that might be associated with it would also make interesting work for the future.
Aside from theory, there is also scope for improving our experimental understanding of this system. First, a measurement of the H atom physisorption energy on graphene under ultra high vacuum conditions would be highly informative and provide an important benchmark for theory. Second, and more interesting, would be a set of molecular beam studies of H and D atom chemisorption on graphene specifically aimed at determining the temperature and isotope dependent rate of adsorption. Recently, in an elegant set of experiments on quasi free-standing graphene it was shown that D adsorption was more facile than H adsorption. 37 The H and D atoms were obtained with the standard approach of thermally cracking molecular hydrogen at very high temperatures (3000 K). As a result the H/D atoms impinging on the surface were translationally hot and at a much higher temperature than the graphene substrate; consequently in these measurements the high temperature limit of the chemisorption barrier will have been probed. The heavier mass of D (compared to H) results in its desorption barrier being higher, due to the lower ZPE level for D. Furthermore, if the H/D atoms cool down quickly after chemisorption at graphene, this effect will be compounded by the more rapid tunnelling of H through the top of the desorption barrier.
This implies that at some intermediate temperature there will be a switchover in the relative rates of H and D adsorption on graphene. It is a major challenge to produce beams of H and D atoms with low kinetic energy -the lowest energy beams applied to this type of systems so far has been the 25 meV (∼ 300 K) source of Arèou et al. 31 However new measurements with translationally cold H and D atoms down to temperatures of 50 -150 K could test our suggestion of a temperature dependent switch in kinetic isotope effect, and would serve as a more realistic model for the ISM conditions.
Our results suggest that at low temperatures the chemisorption of a first H at carbonaceous materials is easier than previously thought. Scanning-tunnelling microscopy and DFT studies by Hornekaer et al. 16 and Rougeau et al. 33 determined that once a single H atom has chemisorbed the barrier for subsequent H atoms to chemisorb locally is much smaller. Considered in concert with our findings this therefore facilitates the low temperature hydrogenation of large regions of graphene. Given the strong temperature dependence in the relative rate of H and D adsorption suggested here, delicate isotopic control of this process may also be achievable.
Finally, our results relate directly to H adsorption on carbonaceous surfaces, however the interplay mechanism we propose between vdW and quantum tunnelling will likely apply to a variety of surface adsorption systems involving hydrogen. Indeed this work outlines the general necessity to use a combined quantum mechanical and dispersion treatment for surface processes involving H. Accounting for both of these effects has only become possible in recent years due to the devel-opment of vdW inclusive DFT methods and the advances in computational resources for large ab initio PIMD simulations. It remains to be seen for how many other chemical reactions a synergistic interplay of dispersion and quantum nuclear effects will play such an important role.
Methods
The DFT calculations presented here used the VASP 56, 57 code. This includes our own modifications 58 for PIMD 48, 59, 60 which uses forces computed on-the-fly from the electronic structure calculations. Here we report results using PBE 43 and the DFT-D3 38 exchange-correlation functionals. The latter is a scheme for treating vdW forces in DFT through the inclusion on an additional C 6 /R 6 term, where the C 6 dictates the strength of the binding and R is the distance between pairs of atoms. In the supporting information results from various non-local van der Waals density functionals [61] [62] [63] are reported. The main finding of this other work is that although the precise value of the barrier differs between the various approaches, the conclusion that dispersion brings the barrier down below that predicted by PBE remains unchanged.
Projector augmented wave (PAW) potentials 64 and a plane-wave basis set were used with periodic supercells and a cutoff energy of 450 eV. For graphene we used a 3 × 3 unit cell with a 5 × 5 × 1 k-point mesh, and tests were performed on larger cells (see supplementary information).
Coronene was computed in a 15 Å cubic cell with a single (Γ) k-point. Since methods based on semi-local GGA exchange are known to underestimate reaction barriers, due to self-interaction errors, we used the Heyd, Scuseria and Ernzerhof (HSE) screened Coulomb hybrid exchangecorrelation functional 65 to test the height of the barrier for the H at coronene system. HSE gives a chemisorption barrier of approximately 250 meV, only 20 meV higher than the PBE value, suggesting that self-interaction errors are not likely to be significant.
Total energy curves and minimum energy path (MEP) calculations used the climbing image nudged elastic band (CI-NEB) method. 66 Finite temperature effects were accounted for by ab initio molecular dynamics (MD) at 50 K, with the forces computed on the fly from DFT. The (constant volume) free energy profile along a normal incidence reaction coordinate a H atom to go from 5 Å above the surface to chemisorption was obtained using the potential of mean force (PMF) method. In this method the H is constrained at several heights above the surface and for each height the component of force normal to the surface is averaged over a sufficient number of MD steps to obtain a converged average value (generally upward of 1000 steps were required).
These average forces are then integrated to give the free energy barrier. Quantum nuclear effects are accounted for by the same PMF method with the height constraint placed on the centroid of the PIMD ring-polymer. 48, 60, 67 All the dynamics simulations are propagated with the velocity-Verlet scheme, and the temperature is controlled using a Nosé-Hoover chain thermostat for the MD and a Langevin thermostat for the PIMD. A time-step of 0.3 fs is used in both the MD and PIMD simulations, although it must be emphasized that within the PIMD scheme MD is used purely for sampling and so the time-steps do not map on to any physical time domain. Our PIMD simulations used 16 imaginary time-slices (beads), which is a reasonable compromise between accuracy and computational tractability (see supplementary information). We also made use of the HQTST method (also called instanton) 68 
